Abstract: Acute ischemic stroke is a significant source of morbidity and mortality across the globe. Currently, the only US Food and Drug Administration approved medical treatment of acute ischemic stroke is intravascular (IV) alteplase. While IV thrombolysis has been shown to decrease morbidity and mortality from acute ischemic stroke, it is limited in both its efficacy in certain types of stroke, as well as in its generalizability. It has been shown that time to revascularization is one of the most important predictors of outcomes in acute ischemic stroke, and thus clinicians have turned to endovascular options in efforts to improve outcomes from stroke. Direct intra-arterial thrombolysis was one of the first of such efforts to improve efficacy rates and increase the timeline for thrombolytic therapy. More recently, investigators and clinicians have turned to newer endovascular options in attempts to further improve recanalization rates. Many different endovascular techniques have been employed and are growing exponentially in use. Examples include stenting, as well as mechanical thrombectomy with both older-generation devices and newer stent retrieval technology. While the majority of the literature focuses on the effectiveness of different techniques, such as recanalization rates and major overall outcomes such as death and disability, there is very little literature on the complications of the different techniques. The purpose of this article is to review the different forms of endovascular treatment of acute ischemic stroke and their associated complications.
Introduction
Acute ischemic stroke is a significant source of morbidity and mortality across the globe. 1 In the United Kingdom, it is the leading cause of disability adjusted life years, and in the United States, it costs the health care system $36.5 billion US each year. 1, 2 Currently, the only US Food and Drug Administration (FDA) approved medical treatment of acute ischemic stroke is intravascular (IV) alteplase (TPA). 3 While IV thrombolysis has been shown to decrease morbidity and mortality from acute ischemic stroke, it is limited in both its efficacy in certain types of stroke, as well as in its generalizability. 4 Even with the more recently expanded timeline for use, up to 4.5 hours after the initiation of symptoms, it is estimated that only about 1%-2% of all stroke victims are eligible for thrombolysis due to stringent contraindications. 5, 6 Of those who are eligible, approximately 5-15 patients need to be treated in order to help one patient. 7 Given the serious risks associated with thrombolysis, it is far from a perfect therapy. In addition to timeline constraints, it has been shown that systemic thrombolysis has fairly poor outcomes in patients with total occlusions of certain cerebral vessels. 8 Given these factors, and given that it has been shown that time to 
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Gill et al revascularization is one of the most important predictors of outcomes in acute ischemic stroke, clinicians have turned to endovascular options in efforts to improve outcomes from stroke. 9 While the endovascular options actually take longer in some instances, it is thought that proper protocols and good technique and experience will improve both the time to patency and patency itself. Direct intra-arterial thrombolysis was one of the first of such efforts to improve efficacy rates and increase the timeline for thrombolytic therapy. 10 It is currently in both the American Heart Association and European Stroke Organisation guidelines as an option in the treatment of acute stroke with middle cerebral artery occlusions. 11, 12 More recently, investigators and clinicians have turned to newer endovascular options in attempts to further improve recanalization rates. 9 Many different endovascular techniques have been employed and are growing exponentially in use. 13 While the majority of the literature focuses on the effectiveness of different techniques, such as recanalization rates and major overall outcomes such as death and disability, there is very little literature on the complications of the different techniques. The most commonly seen complications include acute bleed in the treated area, embolus to the nontreated area, vessel dissection or perforation, device fracture, and access complications. These complications can have wide ranging effects from asymptomatic findings to devastating neurologic outcomes. It is difficult to assess these complications, as most articles have different definitions and reporting standards for each of these potential problems. The purpose of this article is to review the different forms of endovascular treatment of acute ischemic stroke (stenting and first-and second-generation stent retrievers) and their associated complications in as much as they are reported. Bridging or combination therapy with intra-arterial lytic therapy (IA)/IV and the endovascular techniques will not be discussed.
Stenting
While stenting of the carotid artery plays a role in the treatment algorithm for ischemic stroke secondary to extracranial carotid disease, a thorough discussion of the role of carotid stenting (versus carotid endarterectomy or medical therapy) is beyond the scope of this review. In the acute setting, stenting of the extracranial carotid circulation may be necessary to deliver mechanical thrombectomy devices into the area of interest. This has been documented in many of the studies on older and newer generation thrombectomy devices, but it has not been investigated in terms of long-term complications. [10] [11] [12] As such, although it certainly has potential serious complications, it will not be further discussed here. The use of stenting of intracranial vessels to reestablish patency and flow in a timely fashion is the primary use described when dealing with stenting for acute ischemic stroke. Stenting has the advantages of being highly successful at recanalizing vessels, and for reestablishing flow to the ischemic Penumbra quickly. However, it also carries significant risks such as stent occlusion, coverage of collateral vessels, and the need for dual antiplatelet therapy immediately postoperatively in the setting of acute stroke. At this point in time, the majority of the literature on stenting comes in the form of retrospective case series. [14] [15] [16] [17] [18] The first reported use was in 2006 from Fitzsimmons et al, 14 who reported a rescue use of a stent to revascularize a target vessel with good success and no complications. Since that time, the largest series come from Levy et al, Zaidat et al, and Linfante et al with 20 or fewer patients in each. [15] [16] [17] [18] These series report mortality rates of 26%-37% and symptomatic intracerebral hemorrhage rates of 0%-27%. (see Table 1 ). Unfortunately, of all the case series reported to date, only two report on groin complications with rates of 5%-10%, and only two others report on procedure-related adverse events such as embolization to a new or the same territory, as well as vessel dissection or vasospasm.
16,18-20 Sauvageau et al 21 report one instance of vessel perforation for a rate of 9%, but the others do not mention this, and thus it is unclear if these complications did not occur, or if they were not investigated. Given the lack of reporting on any complications, it is hard to glean anything in terms of a safety profile from these few retrospective reports on stenting, other than the idea that it can potentially be used as a "bail out" option.
Mechanical thrombectomy
The next method of endovascular treatment of stroke investigated is that of mechanical thrombectomy. This treatment consists of mechanically removing the thrombus and thus reestablishing vessel patency. It can be broadly categorized into first-generation and second-generation devices. The two US FDA-approved first-generation devices are the Merci ® Retrieval system (Stryker Neurovascular, Fremont, CA, USA) and the Penumbra device (Penumbra, Inc., Alameda, CA, USA). The Merci Retrieval system is a family of corkscrew-shaped devices consisting of flexible nitinol wire with coil loops, of regular or variable pitch, some with arcading filaments attached. Once deployed, it assumes its coiled shape to engage and extract the clot. The Merci device was initially investigated in two initial trials (Merci Stroke Trial and the Multi Merci Trial) and has subsequently been compared to other devices in dedicated trials 
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Management complications of acute ischemic stroke (SWIFT and TREVO 2 trials), as well as in combination with other devices against thrombolysis in newer trials (the RECANALISE, IMS 3, and Rescue MR trials). [22] [23] [24] [25] [26] [27] [28] [29] Across the trials and series available (see Table 2 ), the patients being treated with the Merci device have a 23%-44% mortality rate, as well as rates of symptomatic and asymptomatic hemorrhage of 8%-10% and 27%-53%, respectively. These trials, while still significantly lacking, are some of the best at reporting actual procedure-related complications and they report 1%-10% rates of groin complications, embolization, vessel dissection, and perforation. They show between 6%-33% of device-/procedure-related complications when reported. The Penumbra device is used for thrombus debulking and aspiration followed by direct thrombus removal if necessary. This device has also been investigated in initial series and trials (Penumbra Stroke Trial), as well in comparison trials to other devices, and as part of the previously mentioned larger broader endovascular versus thrombolysis trials. [30] [31] [32] [33] [34] With the exception of small case series, the Penumbra device has been shown to have mortality rates of 14%-33%, and symptomatic and asymptomatic hemorrhage rates of 6%-11% and 10%-17%, respectively. This device is less well studied than the Merci device, and the trials and series have less clear reporting of complications. What has been reported are rates of device-/procedure-related complications in the range of 12%-15%, with rates of embolization, dissection, and perforation in the range of 1%-5%. [30] [31] [32] [33] [34] As these f irst-generation embolectomy devices were being studied and evaluated after their US FDA approvals, newer techniques were being developed that would eventually prove to be more effective at recanalizing vessels with shorter operative times and fewer complications. 24, 25 These are the stent retrieval systems. There are many different systems; those studied the most are the Solitaire™ Flow Restoration device (ev3 Neurovascular, Inc., Plymouth, MN, USA), the Trevo ® device (Stryker Neurovascular), and pREset (phenox GmbH, Bochum, Germany). These are self-expanding stent retrieval systems designed to restore blood flow in patients with ischemic stroke due to large intracranial vessel occlusion. When the stent is deployed within the target clot in the occluded vessel, the stent struts entrap the thrombus. When the stent is withdrawn in its unfolded state, the enmeshed thrombus is concurrently extracted from the vessel. Stent retrievals have the advantage of quick and easy restoration of blood flow to a desired vessel without the side effects of permanent stenting. These devices have been studied mostly in case series, single-arm trials, and in newer trials comparing 
678
Gill et al them to first-generation embolectomy devices. 24, 32, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] Because these are the newest technology, there are many case series and many poorly reported cohort studies (see Table 3 ). Some of the best series and studies come from Pereira et al, Dávalos et al for Solitaire, Noguiera et al and San Román et al for Trevo, and Kurre et al for pREset. 24, 46, [48] [49] [50] When put together, these major series and trials show mortality rates of 7%-28% with symptomatic and asymptomatic hemorrhage rates of 1%-5% and 7%-30%, respectively. Total procedure-related complication rates varied widely (due to their definition and reporting) from 0%-20%, and rates of embolization, dissection, and perforation, when reported, fell in the range of 1%-6%.
Limitation of the literature/ interpreting the literature
The existing literature remains somewhat problematic. Firstly, most of the published literature is composed of small case series, retrospective reviews, and only a few randomized trials, many of which are inherently flawed. One of the major problems associated with this is that while there are generalized guidelines for the acute management of stroke, every center has different protocols and there appear to be deviations from these protocols a significant proportion of the time, even within the same institution. For instance, in almost every study on the endovascular treatment of stroke, a significant proportion of the patients received IV TPA ahead of time, or they were taken for treatment because of a failure of IV TPA. [22] [23] [24] [25] [26] This leads to confusing results and different patient cohorts, making comparisons somewhat meaningless. Secondly, once the patient is on the table, even within the randomized trial, the principal interventionist would deviate in terms of the devices used and the methods employed and, thus, most of the reports have patients who underwent multiple and different endovascular techniques, again making the literature on complications hard to interpret. [30] [31] [32] [33] Another difficulty with the data is that there is very little consensus on the reporting of outcomes and complications. The definitions of procedurerelated adverse events, device-related adverse events, and symptomatic and asymptomatic hemorrhage all vary within each study. Compounding this is the fact that many of the reports do not discuss complications at all, or they discuss them selectively. In addition, the effects of the complications are almost never discussed. In the smaller case reports, it is often feasible to tease out what the effect was, but in the larger series and in the randomized trials while the complications are mentioned, they are rarely parsed out into symptomatic and asymptomatic. As well, it is often unclear if the poor outcomes 
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Gill et al were indeed related to the treatment or the disease process. Going forward, in order to fully understand the advantages and limitations of each method, it will be important to focus not just on the revascularization rates and overall outcomes, but also on the procedure-and device-related complications.
Future directions
Recently, three randomized controlled trials were simultaneously released that demonstrated no benefit of endovascular therapy over IV TPA. [26] [27] [28] Of these, there were two small studies and one large study that stopped early; none of them had good reporting of complications in either group beyond hemorrhage and death. These studies have been widely criticized for not including patients treated with the newer generation of mechanical thrombectomy devices which, in limited smaller studies, have been shown to be more effective at revascularization and possibly have fewer complications. 24, 25 Because of this fact, there is likely to be an ongoing role for endovascular therapy in the future, and it is imperative that future studies make a more determined effort to document not only recanalization and survival rates, but also all possible complications.
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